Introduction
parameter as a distribution in order to predict an envelope of performance. In addition to accounting for 89 potential interaction effects, the probabilistic approach predicts performance bounds and sensitivity factors 90 predicted TKR mechanics by determining the performance envelopes of joint kinematics and contact 97 parameters. In the Laz et al. (2006a) Models were developed from CAD parts of a semi-constrained, fixed-bearing, cruciate-retaining TKR. The 117 distal surface of the tibial insert was supported in the inferior-superior (IS) direction, whilst loading 118 conditions applied to the insert included an anterior-posterior (AP) load and internal-external (IE) torque. 119
The axial load was applied along the inferior superior axis and the flexion angle was applied along the 120 femoral axis. Varus-valgus (VV) and tilt of the insert were both constrained, and AP, medial-lateral (ML) 121 and IE degrees of freedom (DOF) were unconstrained. The femoral component was constrained in IE, ML 122 and AP DOF, unconstrained in VV and IS DOF, and displacement-controlled flexion rotation was applied. 123
There is an axial compressive force and a flexion angle applied. parameters and to predict a distribution of performance. In the present probabilistic evaluations, twelve 158 experimental parameters (Table 1) (the spring stiffness constant, the ML separation of the springs, and ML load split) and friction were also 163 included. The levels of variability (Table 1) were estimated for a knee simulator with standard deviations of 164 0.5mm for translational and 1° for rotational alignment, respectively (Laz et al., 2006a) . Each of the 165 parameters was assumed to be independent and normally-distributed. 166
Analyses were performed using three probabilistic methods (MCST, RSM and AMV) in three 167 probabilistic platforms: 168 i) Nessus/Abaqus: The Nessus probabilistic software (SwRI, San Antonio, TX) was integrated with the 169 FE model through custom scripting. The AMV and MCST methods were applied. 170
ii) Insight/ADAMS: The statistical analysis module ADAMS/Insight was used with the MBD solver. 171 RSM and MCST methods were applied. 172
iii) PAM-OPT/PAM-CRASH: The optimization software PAM-OPT was used in conjunction with the 173 PAM-CRASH model. A 1000-trial MCST analysis was performed. Following this, a first order RSM 174 implemented in MATLAB (Mathworks, Inc., Natick, MA) was implemented with a reduced set of 175 MCST points (25, 50 and 100 The AMV method is an optimization-based method utilizing a mean value approximation augmented 197 with higher-order terms to determine the response at a specified probability level (Wu, et al., 1990). 198 Although an approximate technique, the AMV method has been shown to work well for well- by the MV method, and attempts to include corrective terms to approximate the higher-order effects. More 205 exactly, it takes the MV prediction and using data from the calculated Most Probable Point (MPP) of 206 interest, corrects this value for a single level of desired probability (or desired output) which gives the 207 corrected AMV estimate of the output. The calculated MPP is the global maximum of the probability 208 distribution function of all the possible different points of failure along a "limit state" (i.e. failure) function. 209
The AMV essentially gives a more accurate representation at one localised point of the possibility space, 210 whereas RSM gives a less accurate representation, but is valid across the entire possibility space. The differences between the methods (MCST versus AMV and MCST versus RSM) for the average 244 and the maximum bounds for the various platforms (Table 3) were within 5% for kinematics. On average, 245 envelope sizes were within approximately 2.6 mm for AP translation and 2.9 o for IE rotation. For all 246 platforms, the kinematic envelopes were larger during stance than swing phase. While differences in the 247 magnitudes of peak CP were present from the deterministic models, the MCST probabilistic bounds were 248 similarly shaped, with differences between the smallest average and the largest average peak contact 249 pressure of 1.3 MPa: 1.4 MPa for Nessus/Abaqus, 2.5 MPa for ADAMS/Insight and 2.8 MPa for PAM-250 OPT/PAM-CRASH. 251
The RSM was evaluated to characterize the sensitivity of the response surface equation to the 252 number of initial trials, specifically 25, 50 and 100 trials using PAM-OPT/PAM-CRASH and 253
Insight/ADAMS platforms (Figure 4). The kinematic (AP and IE) results for PAM-OPT/PAM-CRASH 254
showed agreement between all RSM models and the MCST results, implying that an RSM based on 25 trials 255 was sufficient. However, the RSM predictions of peak CP were more sensitive to the number of trials used. 256
While good agreement could be achieved with PAM-OPT/PAM-CRASH for the maximum value of peak 257 CP over the gait cycle using the 100 trial RSM, the secondary peak at 10% gait, and the lower swing phase 258 pressures were not well captured (Figure 4c ). For the Insight/ADAMS platform, similar RSM results were 259 observed where 25 trials were sufficient to model kinematics (Table 3) , but 100 trials were not sufficient to 260 characterize the swing phase (Figure 4d ). Similar results were observed for the AMV method (Figure 5,  261  Table 3 ), where maximum differences in the size of the predicted AP and IE ranges were 0.07 mm and 0. Notably, the deterministic results for AP translation, IE rotation and peak CP obtained using FE and 280 MBD software platforms showed similar patterns throughout the gait cycle and were in close agreement 281 with experimental kinematic data and between platforms (Figure 2) . The RMS differences between the 282 models were on average of 0.5 mm in AP translation and 0.9 o in IE rotation. Greater differences were 283 observed in peak CP than in the kinematic measures, with RMS difference being up to 2.1 MPa between 284 PAM-CRASH and Abaqus. The highest difference was between ADAMS and PAM-CRASH of 3.0 MPa. 285
Differences in the magnitude of CP were attributed to the different software platforms and the methods of 286 implementing contact in a rigid body simulation. Factors which are complicit in these differences include the 287 contact model parameters, the frictional parameters, and the effects of inertia within the software platforms. 288
Nonetheless, in spite of these small differences, overall the trends and magnitudes of the responses matched 289 favourably. 290
Supported by the accuracy of the deterministic results and fast computational times, probabilistic 291 analyses were performed using thee platforms: Nessus/Abaqus, Insight/ADAMS and PAM-OPT/PAM-292 CRASH. MCST was carried out for all models and predicted similarly sized performance envelopes were 293 obtained for the kinematics in all three methods. Larger differences were observed in the 1% and 99% 294 envelopes for peak CP, but these are again attributed to deterministic model differences than probabilistic 295 methods. MCST computational times were similar for the three different platforms. 296
The increased computational times associated with probabilistic FE/MBD modelling represent an 297 important barrier to incorporating such techniques in the design-phase evaluation of TKR implants. For 298 example, the 1000-trial MCST implemented in PAM-CRASH/PAM-OPT required 4 days of computational 299 time. This highlights the need to implement and validate more efficient alternatives to the "gold standard" of 300 MCST. Comparison of RSM envelope sizes to MCST yielded an average difference of 0.08 mm (2.9%) and 301 0.03 o (1.0%) in AP translation and IE rotation, respectively (Figures 4a and 4b , Table 3 ) and computational 302 costs substantially reduced to 4 hours for the 50-trial RSM analysis. Similarly, comparison of AMV 303 envelopes to MCST in Nessus/Abaqus yielded an average difference of 0.08 mm (3.7%) and 0.1° (3.6%) in 304 AP translation and IE rotation, respectively ( Figure 5 , Table 3 ). The computational time required for the 305 AMV analyses were ~9 hours. It is important to note that the RSM and AMV methods are less robust for 306 highly non-linear or non-monotonic systems. This explains the greater differences in CP results during the 307 swing phase (Figures 4c, 4d and 5c 
The efficient RSM and AMV methods provide distinct advantages compared to one another. The 310 AMV method provides local approximation of system behaviour at pre-defined points in the possibility 311 space, while RSM presents a global approximation across the entire possibility space. The RSM is less 312 accurate than AMV at targeted local design point(s), but is more flexible than AMV in predicting behaviour 313 across the entire possibility space. An RSM analysis requires a fixed number of trials regardless of the 314 number of desired output measures; in contrast, an AMV analysis requires an additional trial for every 315 desired output measure (e.g. AP translation, IE rotation, or CP) and probability level (e.g. 1% or 99%). 316
Independent of platform, the sensitivity factors identified the same set of important input parameters 317 ( Figure 6 ). Specifically, insert tilt was the greatest contributor to AP translation, while femoral IE alignment 318 had the largest sensitivity factor for IE rotation. In addition to insert tilt and femoral IE alignment, two other 319 alignment parameters were important to contact pressure. 
